Results
the amount of the C⌬ mutant in these reactions because our antibody specifically recognizes the C-terminal region of Doc1. However, a thorough analysis of the bindIdentification of Residues Required for Doc1 Function ing of these mutants to APC is described below. The amino acids required for processive substrate The APC can processively ubiquitinate substrates by transferring multiple ubiquitin molecules to a target proubiquitination are found in spatially distinct regions of the Doc1 protein; N238, H239, K243, and D244 are all tein during a single binding event [13] . The degree of processivity depends on the balance between substrate located on a conserved loop on the putative ligand binding interface of Doc1, whereas K162, R163, and the C dissociation and enzyme turnover. The APC subunit Doc1 affects this balance by limiting substrate dissociaterminus are located on the opposite face ( Figure 1A ). We therefore tested the effects of combining mutations tion [13, 14] . Defects in substrate binding to the APC because of compromised Doc1 function can therefore that cluster in similar regions of Doc1 ( Figures 1B and  1C) . Two additional mutants were made: a quadruple be detected by a reduction in the processivity of substrate ubiquitination.
point mutant of N238, H239, K243, and D244 to alanine (referred to hereafter as 4A) and a combination of the To better understand how Doc1 contributes to substrate recognition, we used targeted mutagenesis to K162A/R163A mutant and the C⌬ mutant. In both cases, these mutant combinations were unable to stimulate identify functionally important regions of Doc1. Sequencing efforts have identified clear Doc1 orthologs in processivity above levels displayed by APC lacking Doc1. As observed with the pairs of point mutations, numerous organisms, as well as domains related to Doc1 in other putative ubiquitin ligases that are otherthe 4A mutations did not affect the binding of Doc1 to the APC. wise unrelated to the APC [15, 16]. We therefore focused our analysis on amino acid positions that are highly conserved in Doc1 orthologs but less well conserved in Doc1 Mutations that Affect Processivity related "doc-domains" because these residues are the Fall into Two Classes most likely to mediate the APC-specific functions of The mutations described above define two spatially disDoc1. In all, we changed 11 charged or polar residues, tinct regions of Doc1. We hypothesized that these reeither individually or in pairs, to alanine.
gions might affect Doc1 function in different ways. On Interestingly, the majority of residues selected by the basis of our initial characterization and the prethese criteria map to the putative ligand binding interviously demonstrated interaction between the C termiface of the protein, consistent with the idea that this nus of Doc1 and Cdc27 [16], the region of Doc1 defined region is important for Doc1 function ( Figure 1A) . Howby mutations in K162, R163, and the C terminus is likely ever, two of the highly conserved positions, K162 and to influence substrate ubiquitination through its interac-R163, map to the opposite face, adjacent to where the tion with the APC; mutations that inhibit this interaction C terminus of Doc1 exits the core domain. Previous would result in reduced binding of Doc1 to the APC work showed that the C terminus of Doc1 interacts diand lead to an apparent reduction in processivity. In rectly with the APC subunit Cdc27 [16], but the funccontrast, mutations in the putative ligand binding region tional significance of this interaction has yet to be deterof Doc1 appear to specifically reduce the ability of Doc1 mined. We therefore also characterized a truncation to stimulate substrate recognition. mutant of Doc1 lacking the C-terminal 28 amino acids.
The requirement for these amino acids in Doc1 func-APC was immunoprecipitated from extracts of yeast tion was analyzed with purified components in vitro. cells expressing wild-type or mutant versions of DOC1 Wild-type and mutant versions of Doc1 were expressed and was tested for its ability to ubiquitinate a radioin bacteria as maltose binding protein (MBP) fusion prolabeled N-terminal fragment of sea urchin cyclin B (Figteins and purified. Increasing concentrations of recomure 1B). The processivity of the reaction was determined binant proteins were then added to APC purified from by quantifying the molar ratio of ubiquitin to cyclin in doc1⌬ cells (APC doc1⌬ ). Wild-type Doc1 was able to fully the mono-, di-, and tri-ubiquitinated reaction products restore processivity to APC doc1⌬ with a half-maximal con-( Figure 1C ). As shown previously [13], APC lacking Doc1 centration of ‫04ف‬ nM, whereas MBP alone had no effect (vector) was almost completely nonprocessive.
( Figure 2A ). Doc1 proteins with mutations in residues Two pairs of point mutations, N238A/H239A and K162 and R163 or lacking the C terminus were also K243A/D244A, displayed significant defects; in particuable to fully restore processivity to APC doc1⌬ , but both lar, the N238A/H239A mutant was able to stimulate prorequired increased concentrations to do so. Combining cessivity only slightly when compared to APC lacking these mutations had an even greater effect: It increased Doc1. In addition, point mutations in K162 and R163 or the half-maximal concentration ‫-03ف‬fold when comdeletion of the C terminus (C⌬) of Doc1 resulted in modpared to wild-type Doc1. Nevertheless, at saturating est but reproducible defects in processivity.
concentrations, even this mutant could stimulate proWestern blotting of the Cdc16 subunit in the immunocessivity to a level comparable to that of wild-type Doc1 precipitated APC indicated that equivalent amounts of (Figure 2A , bottom right). These data confirm that the enzyme were included in each reaction ( Figure 1B) . Imubiquitination defects associated with mutations in portantly, Western blotting of Doc1 showed that the K162, R163, and the C terminus are exclusively related N238A/H239A and K243A/D244A mutants bound APC to APC binding and not to the ability of Doc1 to stimulate as well as wild-type Doc1. Levels of the K162A/R163A processive substrate ubiquitination. These residues mutant appeared similar, though slightly reduced, compared to wild-type Doc1. We were unable to determine therefore define an APC-interaction surface within Doc1. concentrations, the ratio of ubiquitin to cyclin in the reaction products was significantly reduced compared to wild-type Doc1 ( Figure 2B ). Half-maximal stimulation occurred at ‫07ف‬ nM Doc1, a value comparable to that of wild-type and consistent with the idea that these residues do not influence association with the APC but are specifically required to enhance processivity. The N238A/H239A mutant was a poor activator of APC doc1⌬ , making it difficult to accurately determine the concentration required for half-maximal activation. Nevertheless, at no concentration tested (up to 2 M) was the N238A/ H239A mutant able to stimulate processivity above levels seen in Figure 1C (data not shown) .
The doc1-4A mutant was unable to activate the APC at any concentration ( Figure 2B ). To ensure that the mutant protein does bind APC doc1⌬ in these experiments, we asked whether doc1-4A could compete with wildtype Doc1 for APC binding. Indeed, the mutant protein was able to inhibit the ability of wild-type Doc1 to stimulate processivity ( Figure 2C ). Half-maximal inhibition occurred at ‫004ف‬ nM doc1-4A, a concentration higher than might be expected if the mutant protein binds APC as well as wild-type Doc1. We suspect, however, that our recombinant doc1-4A protein is not fully active: The yield of mutant protein after purification is lower than that of the wild-type protein, suggesting that the 4A mutations affect the folding or stability of the mutant protein when it is expressed in bacteria. Importantly, at saturating concentrations, the doc1-4A mutant was able to fully inhibit activation of APC doc1⌬ by wild-type Doc1, confirming that the doc1-4A mutant binds but does not activate the APC. Doc1 thus contains at least two functionally distinct regions. The region associated with the C terminus and residues K162 and R163 is important for the interaction of Doc1 with other APC subunits. In contrast, residues N238, H239, K243 and D244, which map to the putative ligand binding interface of Doc1, appear to be required for the ability of Doc1 to stimulate substrate binding to To test the generality of the processivity defects caused by doc1-4A, we analyzed a variety of well-charfull processivity to the reaction. Mutation of residues K243 and D244 to alanine resulted in a Doc1 protein that acterized yeast substrates, including Pds1 (securin), the mitotic cyclin Clb2, and a fragment of Hsl1 (amino acids was only partially able to activate the APC; at saturating 
667-882). Interestingly, these substrates, particularly
substrates still requires intact APC targeting motifs and, therefore, reflects specific APC activity. Hsl1, were ubiquitinated much more processively than
We asked whether the D-box or KEN-box is required sea urchin cyclin B, suggesting that yeast APC may for Doc1 to promote substrate recognition. As described bind endogenous substrates with higher affinity than above, Hsl1 was less processively ubiquitinated by the model cyclin substrate. The ubiquitination of all sub-APC doc1-4A than by the wild-type enzyme ( Figure 4A ; comstrates by APC doc1⌬ was significantly reduced when compare lanes 2 and 3). Similarly, ubiquitination of the pared to wild-type APC. Importantly, the activity of KEN-box mutant substrate by APC doc1-4A was reduced APC doc1-4A was identical to that of APC doc1⌬ toward Hsl1 relative to wild-type APC (lanes 8 and 9). In contrast, and Clb2, suggesting that the doc1-4A mutant is comubiquitination of the Hsl1 D-box mutant was unaffected pletely deficient in the recognition of these substrates by loss of Doc1 activity, suggesting that Doc1 stimulates ( Figure 3B KEN-box was further reduced (lanes 5, 8, and 11) , D-box promotes substrate ubiquitination through multiple mechanisms, perhaps involving Cdh1. indicating that the ubiquitination of the single mutant highly dynamic. One possibility is that substrate associAll substrates were initially produced with a C-terminal ZZ tag that contains a tobacco etch virus (TEV) cleavage site between the subation with the activator and APC occurs in a stepwise
